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RESEARCH MEMORANDUM

EFFECT OF LEADING-EDGE HIGH-LIFT DEVICES AND SPLIT FLAPS
ON THE MAXIMIM-LIFT AND LATERAL CHARACTERISTICS OF A

RECTANGULAR WING OF ASPECT RATIO 3.t WITH
CIRCULAR~-ARC ATRFOIL SECTIONS AT REINOLDS
NUMBERS FROM 2.9 x 108 To 8.4 x 108
By Roy H. Lange and Ralph W. May, dJr.

SUMMARY

The results of an Ilnvestigation at high Reynolds numbers and low
Mach nunmbers in the Langley full-scale tunnel to determlne the effect:
of leading-edge high-1ift devices and split flsps on the maximm-11f%
and lateral characteristics of & rectangular wing of aspect ratio 3.4
with circular-arc airfoll sectlons are presented in this,report. The
Investigation included measurements of the asrodynamic characteristics
in pitch and in yaw of the baslc wing end of the wing with several
leading-edge high-11f+t devices and 0.20-chord split flaps deflected
alone and in combination with one another. 8cale effects were investi-
gated at Reynolds numbers ranging from 2.9 x 100 to 8.k x 106. 1In
addition to the force measurements, the stalling characteristics of the
wing were determined.

The maximum 1ift coefficient of the baslc wing is 0.58. The
addition of half-span end full-span split fleps deflected 60° increases
thils value to 1.00 and 1.24, respectively. The agreement between the
experimental values of the maximm 1lift ccefflcient and 1ift-curve slope
of the basic wing and the incremesnts in 1lift coefflclients due to flap
deflection and those caslculated by the best available methods is good.
Maximim 1ift coefficlents of 0.89, 1.20, and 1.21 are obtained for the
wing with the drooped-nose flap deflected 20°, with the extensible
leading-edge flap, and with the combinatlion of drooped-nose flap deflected .
10° with 0.032-chord round leading edge » respectively. These values were
increased to 1.26, 1.58, end 1.47, respectively, with the addition of
bhelf-span split flaps deflected 60°. The drag of the wing is high
throughout the moderate to high angle-of -attack range. The addition of
gplit flaps causes a large drag lncrease; however, an appreciable
reduction in the drag in this range 1is obtained by deflecting elther the
drooped-nose flap or by the Ilnstellation of the extenslble leading-edge
flap. The pltching-moment characteristics of the baslc wing and of the
wing wilth the leading-edge high-1ift devices giving highest maximm 1ift
indicate that below the stall the center-of-pressure locatlon ls slightly
forward of the quarter chord. A stable pltching-moment break is shown
et the stall for all configurations except those with the exbtensible
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2 NACA RM No. 18D30

leading-edge flap and with the combination of the drcoped-nose flap
deflected 10° with the. 0.032-chord round leading edge, which have marginal
stabllity. In general, the additlon of split flaps to all configurations
causes & slightly rearward shift of the center-of-pressure location. For
the basic wing the dihedral effect increases parabollcally wlith 1ift
coefficient and the dlrectional stability increasss essentially linsarly
with 1ift coefficlient and the respective parameters attaln values of
0.0023 per degree and -0.00050 per degree near meximm 1lift. Values of
the slde-force paramster are low. All the leading-edge high-lift devices
investigated on thls wing with clrcular-erc sectlon produce almost linear
dlhedral-effect variations wilth 1ift ccefficient, whlch 1s consistent
with the characteristics of conventicnal blunt-nose alrfolls and with
theory; the directlonal stability and lateral-force characterigtics are
not materielly affected. The spllt flaps decrease the dihedral effect of
the basic wing at a glven 1lift coefficiemnt, but they generally dc not
materially affect the lateral characteristica of the wing when Ilnstalled
in combination with the leading-edge high-l1ift davices.

INTRODUCTION

In order to provide large-scale data on the high-sngle-of-attack
characteristics of winge having slrfoll sections with sharp lesading
edges, an Investlgation 1s being conducted in the Langley full-scale
turmel at high Reynolds numbers and low Mach numbers of several typical
transonlic and supersonic swept and unswept wing plan forms having
l0-percent-thick, circular-arc alrfoil sectione. One of the wings inves-
tigated was a trapezoidal wing of aspect ratlo h and the maximum-1ift
end stalling characteristics have been reported in reference 1. The
results of reference 1 gshow that the inherently low maximum 1ift and high
drag of the wing were epprecilably improved when a drooped-nose flap was
deflected. Inasmich as this type of high-1if't device was found to dbe
effective, a more complete study waes made of several leading-edge high-
1ift devices as a part of a genersl investigatlion conducted on a rectan-
gular wing of aspect ratio 3.4 with 1l0-percent-thick circular-arc air-
foll sections. This wing 1s identical to the wing tested In reference 1
except that the tips were modified so as to form a rectangular plan form.

The 1nvestigation included measurements at hlgh Reynolds numbers
and Jow Mach numbers of the aerodynamic characteristics in piitch and Iin
Yaw of the baslc wing and of the wing with several leading-edge high-1lift
devices and 0.20-chord split flaps deflected both alone and in comblnation
with one another. The leading-edge high-11ft devices investigated
included a 0.20-chord drooped-nose flap, & 0.10-chord extensible leading-
edge flap, and several slmuilated round leading edges. The scale effect
on the aerodynamic characteristics was determined for a range of Reynolds
numbers from sbout 2.9 X lOg to 8.4 x 10 In addition to the force
measurements, the stelling characteristics of the wing with and without
high-1ift devlices were determined by means of tuft observations.



NACA M No. L8D30 3
' COEFFTCIENTS AND SYMBOIS

The test data are presented as standard NACA coefflcients of forces
and momente referred to the standard stebillty axes. The Y-axis is
assumed to lle along the quarter-chord line of the wing and in the plamns
of the wing geometric chord lines.

Cr, 1ift coefficlent C—‘E"-E)
: as
18,
Cp drag cosfficlent G q_S%
' M
Cn . Pltching-moment coefficlent (@—c-
L
Cz rolling-moment coefflcient | —-
ashb
N
Cp Yawing-moment coefficlent {—

lateral-force coefficient (f.?-:)

CI maximm 1ift coefflcient

cy sec'_‘cio_n 11ft coefficient
cy maximm section 11ft coefficlent
P - po
P pressure coefficlent \ ——
a

Pcr critical pressure coefficient; pressure coefficlent at a local

Mach nunber of 1.00
R Reynolds number fﬂiﬁ)
My free-stream Mach number
M pitching moment

L rolling moment



4 ' NACA EM No. I8D30

N yawlng moment
Y lateral force
(o4 angle of attack, degrees
q free~-gtream dynamic pressure
s wing area (286.0 sq ft)
c wing chord (9.23 ft)
b wing span (31.29 ft)
v free-stream veloclty
8] mags densglty of alr
coefficlent of viscosity
A agpect ratio <-%2—)
v dlstance along semlspan from plane of symmetry
A taper ratio; ratlo of tip chord to root chord
O angle  of attack for maximum 11ft, degrees
P local gtatic pressure
Po free-gtredm gstatic pressure
On drooped-nose-flap deflection, degrees
s '~ eplit-flap deflection, degrees
¥ angle of yaw, degrees
Subscripts:
¥ denotes partial derivative of a coefficlent with respect to
yaw in degrees éxa.mple: CL‘F = _B%
CL denotes partial derlvative of a coeffiliclent wlth respect' to CL
acz*
example: = —
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MODEL

The geomstrlic characteristics of the wing and the arrangement of the
high-1lift devices are glven in figures 1 and 2. Photographs of the wing
mounted on the airfoll supports and on the yaw supports are given as
figure 3. The alrfoll section of the wing is the NACA 28-(50)(05)-

(50) (05), the ordinates of which may be found in reference 2. The wing-
tip shape 1s one-half of a body of revolution of the airfoll section.
The wing has no geometric dlhedral or twist.

The wing construction conslsted of a simple framework of -:!'-inch
gteel channel spars covered with a _-)Ji-inch skin of aluminum sheet roJ_'Leq.

to the correct sirfoil cantour. The wing surfaces were about the equiv-
alent in roughness to conventlonal thin dural sheet constructlon with
dimpled skin and unfilled flush rivets. The wing construction was
extremely rigid and it is belleved that no deflections of an epprecleble
magnitude occurred during the tests. The 0.20c¢c drooped-nose flap was
pivoted on plano hinges mounted flush wilth the lower wing surface, and
with the flap deflscted the gap on the upper wing surface was sealed with
a faired cover plate. Drooped-nose-flap deflections up to 40° could be
obtained. The extensible leading-edge-flep configuration tested (see

fig. 2) was selected from considerations of high meximum 1ift and was
determined from the results of two-dlmensionsl tests reported in reference 3.
The extensible leading-edge flap had an area of 9.9 percent of the wing
area measured In a plane along the angle of flap deflection. The round-
leading-edge modificaetlons consisted of cyllinders attached to the under
surface of the leading edge with diameters selected Iln the range of the
nose dismeter of a 0012 airfoil (0.032¢). The split flaps were made of
sheet metal atteched to the wing under surface at a flap deflectlon of 60°
measured as shown in figure 2.  The half-span and full-spen split flaps
used in the zero-yaw tests were actually 48 and 97.5 percent of the wing
spaen. When the wing was mounted aon the yaw supporits (ses figs. 1 and 3(b))
a 12-inch cut-out in the split-flap center section was provided to give
clearance for the sting.

TESTS

In order to determine the longitudlnal end lateral characteristics
of the wing, all the tests were made through an angle-of-attack range from
about -2° through the stall in increments of 2° except near maximum liftg,
where 1° increments were used. The scale effect on the asrodynamic char-
acteristics of the wing was determined from tests made at various tunnel

airspeeds to glve a Reynolds number rangs of from ebout 2.9 x 10
to 8.4 x 105, The highest Mach number obtained in the tests was 0.1k,
at a Reynolds number of 8.4 x 10°.
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The investlgation of the maxirmm-1lift characteristics of the wing
made at 0° yaw included measurements of the 1ift, the drag, and the
pitching moment of the basic wing and of the wing with several leadling-
edge high-1ift devices and 0.20c split flaps deflected. The various high-
1ift devices were tested both alons and In combination with one another.
Testes were made with the drooped-nose flap deflected from 10° to 4QC in
10° increments except in the reglon of &, = 20°, where 5° increments were
used inessmuch as thils deflection appeared optimum for maxlimum 1ift in the
tests reported 1n reference 1. The tests of the wing with the round _
leading edges Installed were made with the nose drooped through & range

of &, from 10° to 20°. In addition, the 0.032¢ round-leading-edge

installation was tested without the nose drooped. The scale effect was
investigated for all configurations except those with the basic sharp
leading edge, which were tested at a Reynolds number of aboub 4.1 x 106
inagmuch as the resulits of reference 1l showed no appreclieble scale effect
on the 1lift, the drag, and the pliyching-moment coefficlents In the Reynolds
number range from ebout 3.27 X 100 to T7.67 x 10°. Due to structural 1limi-
tation, the extensible leading-sdge flap could not be tested at a tunnel
elrspeed higher than that corresponding to & Reynold.s number of about

5.90 x 105.

The stalling characterlistics were determined by observing the action
of wool tufte ettached to the upper wing surface. These tuft studies ware
made of the basic wing and of the wing with the more effective high-lift
aerrangements. The tuft studles were made at a Reynolds number of sbout

4.1 x 108 for the wing with the sharp leading edge and at about 4.1 X 1P
end 6.0 x 108 for the round—lesding-edge configurations.

Surface statlc-pressure measurements weore maede at several chordwise
rointe along the upper surface of the nose at the wing center line for,
the configuration with the drooped-nose flap deflected 10° with the ’
0.032c round leading edge and half-span split flap installed. These
measurements were made at the gngle of attack for maximm 1ift at a

Reynolde number of about 7.2 x 106.

The Investigation in yaw included measurements of the 1ift, lateral
force, rolling moment, and yawing moment of elght coni‘igura.tion.e at
approximately 6° increments of yaw through a renge of from approximately
-6° to 18°. The. configurations tested in yew were the basic wing and the
wing with half-gspan and full-span split flaps Installed. Also tested were
the more promising high-lift arrangements Involving the drooped-nose flep,
the 0.032c¢c round leading edge, and the extensible leading-edge flap. The
baslc wing and the wing with the split flaps installed were tested through-
out the complete yaw range, whereas the other configuraticns were investl-
gated only from about -6° to 6° yaw angles, which was consldered a suffi-
- clent range of yaw to obtain the stability parameters.
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RESULTS AND DISCUSSION

The results have been corrscted for the stream alinement, the
blocking effects, the Jet-boumdary effects, and the tares caused by the
wing supports.

The discusslon of the test results 1s grouped into two main sectlons.
The firset section presents the results of tests made to determine the
maximm-1ift and stalling charecteristlcs of the wing and the second
sectlon glves the lateral characterlistics as determined from the teshts In
yaw. The data are presented for & Reynolds number of gbout 4.1 x 10
except where noted.

MAXTMUM-TIFT AND STATTING CEHARACTERTSTICS

The figures covering the meximm-11ft results are outlined below
to facilitate the dlscussion of the results. The resulis for the basic
wing and the wing with split flaps installed are given in filgure 4. The
determination of the calculated C; at which stalling beglns for the

basic wing is given in flgure 5. The effects of the leading-edge high-
1lift devices on the asrodynamlc characteristics are presented in figures 6
to 13. The stalling characteristlics of the beasic wing and of the wing
with the leading-edge high-11ft devices are shown In tuft dlagrams of
figure 14 end are discussed in each of the subsectlons of the results and
discussion. The results of tests of the wing with several leadlng-edge
high-1ift devices deflected In combilnation with split flsps are presented
in figures 15 to 20. The stalling characteristics of the wing wlth the
combined deflections of the high-lift devices are presented in figures 21.
For convenlence, & summary of the variation of maximum 1ift coefficlent
wlth Reynolds number for the more pertinent configurstions ls presented
in filgure 22. The power-off landing-approach speed characteristics of
the wing are glven 1n figure 23, which shows lines of comstant gliding
speed and constant sinking speed for a wing loading of 40 pounds per
square foot superimposed on the lift-drag polars of several wing-flap
conflgurations. The critical compressibllity speed of the wing with the
0.032¢ round leading edge lnstalled, with the drooped-nose flap

deflected 1o°, and with half-span split flaps installed is glven in figure 2.

Baglc Wing

Force measurements.- The maximum 1ift coefficient of the baslic wing
is 0.58 at an engle of attack of 15.9° (fig. 4). This valus of maxinmum
1lift coefficlent.is 0.09 lower than that obtained In two-dimensional tests
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of the airfoil sectlon (reference 2). The influence of the low aspect
ratlo can be seen in the shape of the 1ift curve which is nonlinear and
hes a well-rounded peak. The lift-curve slope (measured at Cp = 0.2 to

avoid the slight discontinuity at lower 1ift coefficlents). is about 0.050

per degree. Although this value of lift-curve slope is lower than the

value of 0.061 calculated by the methods of reférence 4 based on a section
lift-curve slope of 0.090, it 1s in good agreement wilth the value of

0.053 celculated by the methods of reference 5.

An estimation of the maximm 1ift coefficilent of the wing was
made based on the methods outlined in reference 4. The 1ift coefficient
at which each sectlon along the semispan stalls was obitained from the
two-dimenelonal date of reference 2 and 1is shown by the dashed curve
in figure 5. The curves of the span-1ift distribution for three values
of wing _CL were determined by the methods of reference 4. As soon as

the span-lift-distribution curve becomes tangent to the stalling c3

curve, the sectlon at that point reaches ite maximum 1ift coefficlemt
and stalling should soon spread over a considsrable part of the wing.
The stalling Cj, obtained by this method 1s usually within a few percent

of the measured Cg . As shown in figuwre 5, the calculated stalling Cry,

is 0.549. Inasmuch as the measured value of Clyay 18 0.58, the agreement

between the measured and calculated values 1s consldered good, and thus
the method in thles case appears to be applicable to low-aspect-ratio,
rectangular wings having airfoil sections with sharp leading edges.

The variation of the pitching-moment coefficlent with 11ft coefficient
indicates a slightly forwerd locatlon of the center of presswre with
respect to the quarter chord up to about Cy = 0.45 above which the

center of pressure moves rearward with increase in 1ift coefficient showlng
a8 lavge degree of longitudinal stability through the stall. The drag
coefficient of the wing is hlgh at the moderate and high angles of attack
as compered with the drag of wings wlth conventicnal, round-nose alrfoll
gectionsa.

Stalling characteristics.- Tuft studies of the basic wing (fig. 1h(a))
show early separatlon at the leadling edge of the wing center section
which spreads rapidly toward the tips up to an angle of attack of about 6°.
At thls angle of attack the flow over the wing resembles the flow over the
alrfoll section in two-dimensional flow where a bubble of separetion at
the nose of the alrfoil followed by smooth flow has been observed at low
angles of attack (reference 6). With further increases in the angle of
attack the wing exhlblte the usual flow characteristics of a rectangular
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wing inasmuch as the center sectlon stalls first and the stalled ares
spreads toward the tips. Thls stall progression results from the higher
effective angle of attack of the root secﬁions caused by the Induced flow.

Effect of Split-Flap Deflection

Maximum 1ift coefficlente of 1.00 and 1.24%, respectively, are
obteined for the wing with the half-spen and full-span split flaps
deflected 60°. These values of 1ift coefficilent are 0.42 and 0.66 higher
than those obtained for the basic wing (fig.lL). Calculations were mede
using the methods of reference 7 and the two-dimensional section data of
reference 2 to determine the Increments In 1ift coefficlent due to split-
flap deflection. The measured and calculated values are in good agres-
ment, thus indlicating that the sharp leadling-edge wing 1s affected by the
almple high-1ift devlices in the sems memmer as conventional wings.

The pitching-moment curves show the usual changs In trim with flsp
deflectlon and show a center-of-pressure locatlon below the stall slightly
to the rear of that obtalned for the basic wing. The varlatlions of the
pitehing-moment coefficient with 1ift coefficient Indicate a slightly
Forwvard center-of-pressure location wilth respect to the quarter chord up
to 1ift coefficlents of 0.75 and 1.05 for half-span and full-span split
flaps, respectively, beyond which the center of pressure moves rearward
with increasing 1ift coefficient and produces g stable breek at the stall.
Tuft studies of the wing with half-span split flaps installed (fig. 21(a))
show the early leading-edge stalling and other characteristics that are
typical of the basic wing. (See fig. 1k(a).)

An evaluation of the 1ift and drag coefflclents of. the wing In terms
of power-off landing-approach characterlstics 1s made possible by use of
figure 23. The Increase in 11ft due to half-span split-flap deflection
1s shown hers to be 1n part, at least, offset by a lerge increase in drag
with the result that the sinking speeds considerably exceed the criterion
pet forth in reference 8 that a sinking speed should not exceed 25 feet
per second at sbout 0.85C; . (See fig. 23(b).)

Effect of Ieading-Edge High-Iift Devices

Drooped-noge flap.- The maximum 13ift coefficient of the wing with
the drooped-nose Tlasp deflected 20° is 0.89. (See fig. 6.) This value
is 0.31 higher than that obtained for the basic wing. Although & maxi-
mum lift coefficient of 0.92 is obtained with the drooped-nose flap

deflected 25°, it is cbtalned at & higher angle of attack and with consid-
erebly more drag than for the case with B, = 20°, (See figs. 6 and 17.)

The increases in maximum 1ift coefficient and angle of attack for meximum



10 - ' NACA RM No. L8D30

1ift with the drooped-nose flap deflected result primerlly from the
improved flow condlitione at the leadlng edge by more nearly alining the
wing contour with the alr streem and thereby delsylng stall to higher
angles of attack. Thila alinement of the leading édge tends to alleviate
the negative pressure pesks and thereby to decrease the adverse pressure
gradient that causes leading-edge separatlaon. Although the lsading-sdge
separation has not been eliminated with the drooped-nose flap deflected
20°, as shown in the tuft studies (see fig. 14(b)), the initlal separaticn
has been delayed to & considersbly hilgher angle of attack than that for
the basic wing. (See fig. 1h(a).) It is interssting to note that the
optimm drooped-nose-flap deflection for maximum 1ift found in these
tests 1s lower than the wvalue found In the two-dimensional tegts of the
sectlon (reference 2).

Deflecting the drooped-nose flap causes an appreclable reduciion in
the drag of the wing at the moderate and high angles of attack. This
reductlion in drag Increases with lncreasing drooped-nose-flap deflecticn
up to Sn = 25°. At the low angles of attack the drocped-nose flap heaas

the effect of a spoiler causing an Increase In drag with flsp deflection
as campared wlith the basic wing. The beneficlal effect of drooped-nose-
flep deflection on the drag at high 1ift coefficlents results in lower
sinking speeds as shown in figure 23(a); however, the gliding epeed of
ebout 145 miles per hour to obtain & sinking gpeed of 25 feet per second
is above the rangs of present practice. It should be realized that the
drag coefficilents plotted In figure 23 are for the wing slone and, there-
fore, the sinking speeds of the complete airplane would be somewhaet
greater. Power could bs used for the landing approach end landing condi-
tiong to offset the high drags shown 1In flguré 23, but thls practice could
lead to dangerous condition. for emergency lendings with power off.

The pltching-moment curves show no significant change in the longi-
tudinal stability of the wing as compared with the basic wing (fig. 6).
A smaller change in trim dus to droocped-ncse-flep deflection 1s noted
than was measured with the split flaps deflected. (See fig. 4.)

Extensible leading-edge flap.- The maximum 1ift coeffliclent of —the
wing with the extensible %eading;edge flap Installed 18 1.20 at & Reynolds
number of &bout 5.90 x 10 (See fig. T(a).) This velue of maximum lift
coefficient is 0.62 higher than that obtained for the basic wing. The
increase is due not only to a delay of the stalling to higher angles of
sttack as compared with the basic wing but also to an increase in wing
area which has not been teken 1nto account in the calculation of the wing
coefflcilents. The delay in the stalllng to higher angles of attack with
the extensible leading-edge flap ingtalled is attributed malnly to the
favorable effects of the round leading edge rether than to the effect of
leading-edgs-flap deflection. Tne section data (reference 2) show that
the 1ncrease in maximm 11ft coefficlent aover that for the basic wing due
to a 0.10c extensible leading-edge flap with sharp lsading edges 1s only
gbout one-half the magnitude of that obtalned with the drooped-noss flap
deflected. The higher slopes of the lift curves are primarily due to the

=
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fact that the 1ift coefflicients are based on the area of the original
wing. The sharp peaks of the lift curves are considered undesirable
inssmuch as & slight asymmetry near the stall msy lead to serlous roJ_'Ling
instability.

The maximum 1ift coefficlent increases with lncreasing Reynolds
number for the rangs of Reynolds numbers investigated. (See figs. T(a)
and 22(a).} Tuft studies of the wing (filg. li(e)) show early separation
over the nose flap, 'but as compared.with the wing with Sn = 200

(fig. 14(b)) the root stalling at the wing trailing edge has been delayed
to higher angles of attack and covers a smaller arsa of the wing near
maximm 1ift.

The extensible leading-edge flap causes a conslderable reduction in
drag of the wing at the higher angles of attack as compared with the basic
wing or the wing with &, = 20°. As shown in figure 23(a), the gliding

gpeed required to mainteln & sinking espeed of 25 feet per second is
reduced from 145 miles per hour to about 117 miles per hour.

The variations of the pliching-moment coefficlent with 11ft coef-
ficlent (fig. 7(b)) show & center-of-pressure location which is slightly
ahead of that for both the basic wing and the wing with 8, = 20° through-
out the lift-coefficlent range. The stebllity at the stall is not appre-
clably affected by lncreasing Reynolds number.

Round. leading-edge modiflcations.- The highest maximm 1ift coef-
flclents obtained in the tests of the wing with the drooped-nose flap
deflected and with round leading edges Instelled are 1.21 for &, = 10°

with the 0.032c round leading edge and 1.22 for &, = 15° with the
0. 0)+Oc rou.nd. lea.d_'tng edge. (See flgs. 9(&) and 11(b).) The results with

1nsta.lled. show considerable scale effect on Cy and  ag » although

this scale effect on Cj decreases wilth increasing drooped-nose-flap

deflection (fig. 12). As shown in figure 22(a), the value of the meximum
1ift coeffilicient for the B 10° 0.032¢ configura.tion is the same as

that obtained for the extensi'ble leading-edge-flap installation. It
should also be noted that thils value of maximum 1ift coefficlent is
cbtained with no increase in wing area, as 1s th® case with the extensible
leading-edge flap. A comparison of the B, = 109, 0.032c configuration

with the &, = 15° , 0.040c configuration shows no apparent superiority of
one over the other inasmich as the meaximum Iift coefficienbs and the drag
coefficlents at high angles of attack are essentlally the sams; however,
+the 8 = 10°, 0.032c configuration is chosen because of the practicability

of the amaller dlameter round leading-edge and .the lower drooped-nose- flap
deflection.
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The tuft studies of the wing with the 8_'= 10°, 0,032¢ round-

leading-edge configuration at a Reynolde number of about L.l x 10°

(fig. 14(4a)) show a stall progression which resembles that cobtained for
the wing with B, = 20° (fig. 14(b)) except that the initial leading-
edge separatlon is confined to a region at ahout 0.5 % and that a smaller

area of the wing ls stalled in the region of C(p . The tuft studies

at a Reynolds mumber of about 6.0 x 106 show no change in the atall
progression and consequently are not presgented.

Inspection of the gliding-speed and sinking-speed chart (fig. 23{a)}
shows siightly lower drag coefficients 1n the moderate and high 1lift-
coefficlent range for the B = 10°, 0.032c¢ round-leading-edge configura-

tion than for the extensible leading-edge flsp; however, in the region
of Cp the gliding speed redqulired to malntaln & sinking speed of

25 feet per second is about the same (115 miles per hour)} as for the
extensible leading-edge flap.

As in the case of the extensible leading-edge flsp the varlations
of the pitching-moment coefficlent wlth 1ift coefficlent indicate a
center-of -pressure location which 1ls slightly ahead of that for the basic
wing and the wing with &y = 20° throughout the lift-coefficient rangs
for Reynolds numbers of 2.99 X 105 and k.3 x 10® and for 11ft coefficlents
up to 0.60 for higher Reynolds numbers (fig. 9(b)). For the higher
Reynolds numbers, the center-of-pressure locaticn 1s moved rearward to a
polnt slightly ahead of the quarter chord for 1lift coefficlents greater
than 0.60. In general, the break in the piltching-moment curves at the
stall was in a stable dlrection throughout the range of Reynolds numbers
investigated.

The results of tests made wlth the 0.032c round leading-edge installed
and with the drooped-nose flap neutral (see figs. 13(a) and 22{(a)) show
an appreclable scalse effect on the maximum 1ift coefficient but the values
of maximum 1ift coefficlent are considerably lower than those obtalned
for the combination with the drcoped-nose flap deflected 10°. The maxi-
mum 1ift coefficient of 0.88 obtained at a Reynolds number of approximately

7.0 % 108 15 slightly lower than that obtained with the round leading sdge
removed and the drooped-nose flap deflected 20° (fig. 22(a)). The tuft
studles (fig. 1k (c)) show that the initial leading-edge stalling is
delayed to higher angles of attack as compared wlth the basic wing

(fig. 14(a)) and that the stall progression is about the sams es that for
the basic wing except for the rough Tlow along the tralling edgs at the
moderate angles of attack. The pitching-moment curves (fig. 13(b)}) indi-
cate the same static longitudinal igstability ag that for the basic wing
et Reynolds numbers up to 4.28 x 10°, but above this Reynolds number the
stability 1s somewhat reduced.
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EFFECT OF LEADING-EDGE DEVICES 1IN COMBIRATTON WITE SPLIT FLAPS

Force Measurements and Stalling Characterlistics

Drooped-nose flap.- The wing with the drooped-nose flap deflected
in combination wlth half-span and full-span split flaps glives CI

values of 1.26 and 1.h48 at angles of attack of 17.8° and 17.0°, respec-
tively. (See figs. 15(a), 16(a), and 17.) These highest Cy values

occur with a nose deflection of 30°, which will hereinafter be discussed
as the optimum deflection for the comblnation, lnstead of_EOG as for
the droopsed-nose-alone configuration. These CI values at the optimum

deflection are 0.26 and 0.24 higher, respectively, for the half-span and
full-span split-flap configurations with the basic leading edge (sharp
leading edge with By = 0°). Deflecting the drocped-nose flap 30° produces

plitching-moment characterlstics which are decidedly different than for
the half-span and full-spen split-flap-alone configuraticns in that rear
ward center-of-pressure positions with respect to the guarter chord are
indicated up to lift coefficlents of about 0.70 and 1.05, respecitlvely,
beyond which the center of pressure moves forward giving instability at
the stall (figs. 15(b) and 16(b)). Tuft studiss (figs. 21(a) and 21L(b))
show that drooping the nose with the half-gpan split flap Inastalled
delays the tralling-edge separation until CI 1s reached and also

reduces the area of separation over the center sectlon. Deflecting the
the drooped-nose flep in conJunction with the split flap affects the drag
in about the same menner as previously noted for the droocped-nose-alone
configuration. Eowever, as shown in the gliding and sinking-speed chart
of figure 23(b), the high drag coefficlents developed by the &, = 30°,

balf-gpan split-flap conflguration results in a -minimm sinking speed of
sbout 34 feet per second, which 1s probably prohibltive according to
present landing technigues.

Extensible leading-edge flap.- At a Reynolds number of gbout 4.1 X lO6

ths extensible leading-edge flap in combination with half-gpan and full-
span split flaps glves Cp values of 1.58 and 1.71 (fig. 18), which are

0.58 and 0.47 greater, respectively, than thoss shown for the split-flap
installatlions alons. Practically no scale effect on maximum 1lift 1s
indicated for the half.gspan #nd full-span gplit-flap combinations. The
pitching-moment characteristics are practically the same for both spllt-
flap combinations as for the extensible leading-edge nose flap, alone in
that the center of pressure remalns at & constant forward position with
reference to the quarter-chord line throughout the lift-coefflcient rangs
until the stall, where 1t moves rearward glving marginal stebllity. The
addition of the half-span split flap to the wing wilith the extensiblse
leading-edgs flap produces higher negative preassures over the rear of the
wing and thereby provides a more favoreble pressure gradlent which tends
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to eliminate the separation behind the leading edge (fig. 21(d)) that is
inherent in all the other confilgurations tested. The drag characterlsticse
of the split-flap combinations ara essentlislly the same as for the case
with the extensible leading-edge flap alone except that the absolute values
of drag coefficient are higher. As shown in figure 23(b), the half-span
split flap and the extensible leading-edge-flap combination has a high
minimm sinking speed of 32 feet per secand at 0.85C; .

The 0.032c round leading edge with &, = 10°.- For the combination

having the drooped nose deflected lOO, the 0.032¢ round leading edge,
and the half=spsn split flap Instelled, the maximum 1ift coefflclent

increases abruptly between Reynolds numbers of 4.0 X 106 and 5.8 x 106
(see figs. 19(a) and 22(b))6and attains 1ts highest value of 1l.47 at a
Reynolds number of 8.0 x 10 This value of Cp is 0.26 above that

for the configuration without the eplit flap, but 0.1l below that for the
extensible leading-edge flap in coambination with only the half-span split
flep. The effect on the pitching-moment characteristics of adding the
half-span split flap (fig. 19(b))} is to give slightly more stability'bslow
the stall but considerably less stability at C; than for the o, = 10°

round-leading-sdge configurstion. The destabllizing effect at high lift
coefflcients becomes more pronounced with increases in Reynolds number sc

that at a Reynolds number of 8.0 x 106 the wing is unstable at stall. The
tuft studies of figure 21(c) (teken at a Reynolds number of about 4.1l x 106
where the pitching-moment bresk is stable at the stall) show that the split
flap reduces the trailing-edge separatlion that occurred for the wing with
the split flap removed (fig. 14(d)). As for the other combinetion config-
urations already discussed, the half-span split flep lncreases the drag of
the &, = 109, 0.032¢ round leading-edge condition so that & minimum

glnking speed of 31 feet per second 1s obtained at a gliding speed of
113 miles per hour (fig. 23(b)).

Ths 0.032¢ round leading edge with &, = O.- With the 0.032c round-
leading-edge conflguration wlth half-span split flaps instalied,a CLm
of 1.25 1is obtalned (fig. 20). This value of Cj is 0.37 higher than

that for the round leading edge alone but is slightly lower than that for
the drocped-nose, half-span, split-flap configuration. The scale effect
on maximum 1lift ls similar to that for the other round- leading-edge config-
urations previously discussed (see fig. eéj in thaf a marked Increame in

Cr occurs between Reynolds numbsrs of 4.2 x 100 and 6.2 x 106. Gener-

ally marginal stebility 1s shown at low and moderate 1lift coefficients and
the stabllizing trend at high 11ft coefficlents cccurs at lacreasing
values of Cy as the Reynolds number is lncreased.

|
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Leadling-Edge Pressure Measurements

The meximm observed negative pressurs coefficlent for the conflg-
uration of B, = 10° with the 0.032¢ round leading edge and the halif-

gpan split £lap installed was -3.69 with the wing at OCj and at a

Reynolds number of 7.2 X 1.06 and & Mach numbsr of 0.11l. This pressure
coefficient, when extrapolated by the Glauert-Prandtl method, corresponds
to a critical Mach number of 0.37 (fig. 24) which 1s much greater then
the free-stream Mach number that would be attained in flight with flaps
deflected.

TATERAT, CHARACTERISTICS

The lateral characteristics of this rectengular wing with and with-
out high-1ift devices are presented as variations of C;, Cp, and Cy

with angle of yaw in figures 25 to 30. From these baslc deata the static-
lateral-stablllity parameters Cy ¥’ Cn‘-lf’ and CY\}r are determined as a

function of Cp, and are presented in figures 31 to 3%. The 12-inch cut-
out in the spllit flaps end the rear support sting used in the yaw tests

are balieved to have no first-ordsr effects on the lateral cheracteristics.

Baslc Ieading Edge

The lift-curve slope of the basic wing is not affected materially
by yew. Figure 25 shows an averaege value of lift-curve slope (measured
at Cp, = 0.2 to avoid discontinuities at lower 1iPt coefficlents) of

about 0.051 for all yaw angles investligated. The maximum 11ft coef-
ficlent 1s increased, however, from 0.56 to 0.61 as the wing is yawed
from 0° to 18.25°.

The dihedral-effect parameter CW’ of the basic wing Ilncreases
parabolically with lift coefficilent from 0.0002 at low values of CL
to 0.0023 at 0.95Cp (fig. 31). This variation, which is unlike

ths generally linear variation shown in references 9 and 10 for wings
wlth conventional round-leading-edge alrfolls, can probably be attributed
to the sharp leading edge of the clrculsr-arc alrfoll sectlon inasmuch as
swept wings wilith conventlonal airfoil sections have besn found to have
decidedly different dihedral-effect characteristice then geometrically
1dentical wings with clrcular-arc sectlons. Datae from teats of a trape-
zoldal wing with the same cross sectlon as the rectangular wing of the
present tests (reference 11} show the same genersl variation of Cq ¥

with Cy although the C, ¥ values are somewhat lower because of the
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higher aspect ratio of the trapezoildal wing. Welssinger derives in
reference 12 a theoretical formuls for determining dihedral effect in the
low and modsrate lift-coefficient range which, corrscted to apply to the
total wing span, 1s : : -

[+ 0.29(1 - 2) |

where K 1is an smpirical constant. This relation predicts a uniform
alope and consequ.qntly does not agree wlith the test results.

The basic wing possesses a small amount of directional stability
with Cnv increasing linearly with Cp up to the stall and bresking

more stable near the stall to give a value of -0.00050 at 0-9501m-
The side-force parameter CY ls small and increases uniformly from 0

at low 1ift coefficients to -0.0010 at O.95CImx. As shown in the

basic date of figure 26(a), the Cn‘llf afid Cy,  elopes at zero yaw
generally hold throughout the yaw range investigated, whereas CZ
decreases nogatively at the highest positlive yaw angles tested.

Deflecting the half-span split flap 60° reduces the dihedral effect
and produces & more nearly linear variation with 1ift coefficient (fig. 31).
The directional stability and lateral-force characteristics are _essentia.]_.ly
unaltered by the half-spen split-flap deflection. The Cz*, Cn\y,
and CY\V slopes measured at zeroc yaw are generally conslstent throughout

the yaw renge investigated. (See fig. 26(b).)

Deflection of the full-span split flsp produces practically a linear
dihedral-effect variation which gives a Cz v value of 0.0019 at Cj
(fig. 31). The directional stebility 1s greater than for the basic wing
C = =V
(D-q; = -0.0011 at Cy )_, but the _CY¢ characteristice are prectically

the sanms.
Drooped-Nose Flap

The effect of deflecting the 0.20c drooped-noss flap 20° 18 to
produce a CWCL slope that 1s almost linear throughout the CL rangs,

except near the stall where a strong positive break occura (fig. 32(a)).
A C‘l,,y of 0.0040 ig obtained at the stall. Thila variation is similar

to that given in references 9 and 10 for similar wings with conventional
round-lsading-edgs alrfoils and probably results from the pressure distri-
bution over the forward part of the biconvex airfoil bsing more like that
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for conventional ailrfoills. The same effect was noted in reference 11
when & drooped-nose flap was deflected on a similar wing with trapezoidal
plan form and cilrcular-arc alrfoll sectlons. Calculatlons using
Wolssinger's relation previocusly noted with & X_ value of 1. 56 as deter-
mined experimentally in reference 10, glve a C, Yo slope of 0.0023,

which agrees closely with the :measured. slope at low and moderate lift
coefficients. The directional stebility of the drooped-nose configuration
is greater than that for the basic wing in the high-lift-coefficlent range.
The Cqu cheracteristics are not changed meterially by deflecting the
nose flap. :

Deflecting the half-spesn split flap 60° in conjunction with the
droopsd-nose flap 30° reduces the dihedral effect in the high-lift rangs
below that for the drooped-nose-flap-alone configuration (fig. 32(b)) end
produces & constaent small positive dlhedrel effect in the moderate 1lift-
coefficlent range. The directional steblllty and lateral-force charac-
teristics are not materially affected by deflecting the half-span split
flap.

Drooped-~Nose Flap With 0.032c Round-Ieadling-Edge Modiflcation

The dihedral effect of the drooped-nose conflguratlion 1s not altered
eppreciably by the installation of the 0.032¢c round leading edge
(fig. 33(a)). The data for the drooped-nose flap deflected 10° with the
round leadlng edge show no conslistent variatlion with Reynolds numbs Og and,
except for the irregularitles at Reynolds numbers of about 3.0 X L

end 6.0 x 10°, the C, Yo slopes check the calculated value of 0.0023
i

very well. The directional stebllity 1s not affected materlally by the
addition of the round leading edge or by Reynolds number for the Reynolds
number range inveatigated. The lateral-force characteristics are simllar
to those for the sharp-leading-edge drooped-nose configuration excspt that
the Cy, values are about double (-0.0025) at the stall for the highest

Reynolds number investigated.

Deflecting the half-span split flap generally decreases the dlhedral
effect at any gilven 1lift coefficlent (fig. 33(b)) and decreases the
CW‘C slope to about 0.0020 or 13 percent bslow the calculated value.

The d.irectiona.l stabllity and silde-force charascteristics are esgentially
unaffected by the deflection of the split flap and aleo have no signiflcant
variation with Reyno’is numbsr.

Extenslble Isading-Edge Flap .

The dihedral effect with the extensible leading-edge flap lnstalled
has a fairly normal veriation with 1ift cosfficient (fig. 34) and an
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averagoe CZ¢ slope that agrees well with theory. Actually, however,
Cr,

the CIWC " glope is smaller at moderate 1lift coefflclents and greater_
1, .

than the calculated value of 0.0023 at low and high 1ift coefficlenta.

The directional stabllity is somewhat different than for any other coafig-
uration tested in that it is zero at a af 0.25 and increases rapldly
for both higher and lower lift coefflcients. Of course, thls dlfference
at low 1lift coefficlents is relatively unimportant bscause the flap would
probably not be deflected at such 1lift coefficlients corresponding to high
flight speeds. The CYW verlation is quite simllar to that for the

drooped-nose configvration with the 0.032¢ round leading edge Installed
in that 1t Increases about linearly to -0.0025 at Gt « No consistent

scale effects on the lateral-characteristic parameters are shown for the
Reynolds number range Investligated.

SUMMARY OF RESULTS

The results of an investlgation at high Reynolds numbers snd low
Mach numbers in the Langley full-scale tunnel of the maximum-lift and
lateral characteristics of a rectangular wing of aspect ratio 3.4 with
circular-arc ailrfoll sectlon are summarized as follows:

1. The maximum 1ift coefficlent of the basic wing is 0.58. The
addition of helf-span and full-span split flaps deflected 60° increases
this value to 1.00 and l.2h, respectively. The agreement between the
experimental values of the maximum 1ift cocefficlent and lift-curve slope
of the baslc wing and the increments in 1ift coefficlent due to flap
deflectlion with those calculated by the best avallable methods is good.

2. Maximum 11ift coefficients of 0.89, 1.20, and 1.21 are obtalned
for the wing with the drooped-nose flap deflected 20°, for the wing with
the extenslble leading-edge flap, and for the wing with the combination
of drooped-noge flap deflected 10° and the 0.032c round leading edge,
respectively. These values are increased to 1.26, 1.58, and 1.47,
respectively, with the addition of half-.span split flaps deflected 60°.

3. The drag of the wing is high throughout the moderate to high
angle~of -attack range. The addition of spllt flaps causes a largs drag
increase; however, an appreciable reduction in the drag in this rangs 1s
cbtalned by deflectlng either the drocped-nose flap, or by the installa-
tion of the extensible leading-edge flsp, or by deflecting the drococped-
nose flap in combination with a rounded leading edge.
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k. The pitching-moment characteristics of the basic wing and of the
wing with the leading-edge high-l1ift devices giving highest maximmm 1ift
indicate a slightly forward center-of-pressure location with respect to
~the quarter chord below the stall. A gtable pitching-moment break is
- shown at the stall for all configurations except these with the extensible

leading-edge Tlap and with the &, = 10°, 0.032¢ round-lsading-edge

configuration, which have bresks showing marginal stebility.

5. Except for the wing with the extensible leading-edge flap, where
the center-of-pressure shift with split-flap installation is nsgligible,
the addition of split flaps movssa the center-of-pressure location slightly
rearward at high 1lift coefficients from the positions shown for the wing
configurations without the split fiaps. The only signiflcant changes in
the piltching-moment characteristics at the stall caused by the split fleps
are an unstsble break for drocoped-nose-flap deflections greater then 20°
and an unstable break for the 5, = 10° s 0.032c round-~leading-edge config-

uration at the highest Reynolds numbers Investigated.

6. For the basic wing the dlhedral effect Increases parabollcally
with 1ift coefficlent and the dlrectional stability Increases gbout
linearly with 11ft coefflclent and attaln wvalues for the respesctive param-
sters of 0.0023 per degree and -0.00050 per degree near meximum 1ift.

The values for slde-force parameter CY¢~ ere low.

T. A1l the leading-edge high-1ift devices investigated do not affect
materially an or ngr, but do produce almoet linear 07‘* variations

with Cp which, in general, agree well with those for conventional round-
nose airfolls and with theory.

8. The split flaps decrease, at & glven 1lift coefficlent, .-the dihedral
effect of the wing with the basic leading edge but generally do not produce
any significant changes in the latersl cheracteristics when installed in
comblination with the leading-edge high-lift devices.

9. The geparation bshind the leadlng edge that 1s inherent for all
other configurations investigeted is eliminated when the extensible
leading-edge nose flap 1s Installed in conjunctlion with the half-span
gplit f£lep.

10. An apprecilaeble scale effect ca the maximm 1ift coeffilcient is
shown for the configurations with the roumd leading edges Installed. The
pitching-moment and lateral characteristlicse are not apprecisbly affected
by changes in Reynolds number. '

Langley Aeronautical Laboratory
Netional Advisory Committee for Aeronautlcs
Langley Field, Va.
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Figure 3.- Photographs of rectangular wing mounted in the Langley full-scale tunnel.
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Figure 16.- Effect of drooped-nose<flap deflection on CL, Cps and
C,, o©f wing with full-span split flaps installed. 6&; = 60°.
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wing with extensible leading-edge flap installed, 6; = 0°,
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Figure 31.- Effect of split-flap deflection on the lateral charactenstlcs
of the wing. &, = 09,
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Figure 32.- Effect of half-span split-flap deflection on the lateral characteristics of the wing
with the drooped-nose flap deflected.
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(a) Split flaps removed.

Figure 33.- Effect of Reynolds number on the lateral characteristics of the wing with 0.032¢c
rowid leading edge installed. 6 = 10°,
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(b) Half-span split flaps installed. 8, = 60°.

Flgure 33,- Concluded.
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Figure 34,- Effect of Reynolds number on the lateral characteristics of the wing with
extensible leading-edge flap installed. 8; = 0°.
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